It has been proposed that the loose associations characteristic of thought disorder in schizophrenia result from an abnormal increase in the automatic spread of activation through semantic memory. We tested this hypothesis by examining the time course of neural semantic priming using event-related potentials (ERPs). ERPs were recorded to target words that were directly related, indirectly related, and unrelated to their preceding primes, while thoughtdisordered (TD) and non-TD schizophrenia patients and healthy controls performed an implicit semantic categorization task under experimental conditions that encouraged automatic processing. By 300-400 milliseconds after target word onset, TD patients showed increased indirect semantic priming relative to non-TD patients and healthy controls, while the degree of direct semantic priming was increased in only the most severely TD patients. By 400-500 milliseconds after target word onset, both direct and indirect semantic priming were generally equivalent across the 3 groups. These findings demonstrate for the first time at a neural level that, under automatic conditions, activation across the semantic network spreads further within a shorter period of time in specific association with positive thought disorder in schizophrenia.
Introduction
Language and thought disturbances have long been considered core features of schizophrenia, 1 at their extreme manifesting as ''positive thought disorder.'' 2 Because positive thought disorder is often characterized by the intrusion of inappropriate semantic associations between words, some have posited that it results from an abnormally heightened spread of activation within semantic memory. 3 This study used event-related potentials (ERPs) to demonstrate a faster rate in the spread of activation across semantic memory in thought-disordered (TD) schizophrenia patients at the neural level by examining early and late N400 semantic priming effects.
Semantic memory is often conceptualized as a network of interconnected nodes organized by semantic relationship. 4, 5 The semantic priming effect describes the faster response to targets preceded by semantically related, relative to unrelated, primes. 6 This facilitated response to the target is thought to arise, in part, from its partial preactivation due to an automatic spread of activation from the activated prime. Indirect semantic priming provides the most compelling evidence for spreading activation 7, 8 because it occurs when the prime is not directly related to the target but when it is associated with an unseen mediator that is, in turn, associated with the target (eg, lion stripes via tiger). Strategic processes can also contribute to semantic priming; however, a short interval (<400 milliseconds) between the onset of the prime and the target (the stimulus-onset asynchrony, SOA) and a low proportion of related words in the stimulus set reduce the influence of such controlled processes. 9 Under automatic conditions, schizophrenia patients with positive thought disorder show increased direct [10] [11] [12] and indirect 3, [13] [14] [15] semantic priming relative to both non-TD patients and healthy controls. Other investigators, however, have reported normal 16 and sometimes even reduced 17 direct semantic priming in schizophrenia at short SOAs (although most of these latter studies have not accounted for thought disorder). (Under controlled processing conditions in which strategic processes can operate, semantic priming is generally reduced in schizophrenia [see Minzenberg et al 18 and Kuperberg et al 19 for reviews of this literature]; a recent neuroimaging study of controlled semantic priming in schizophrenia indicates that thought disorder is associated with inappropriate increases in hemodynamic activity to directly and indirectly related words, relative to unrelated words. 20 
)
While reaction time (RT) has been the most common measure of semantic priming in schizophrenia, it 1 To whom correspondence should be addressed; tel: 617-620-7872, fax: 877-841-3655, e-mail: dkreher@psych.umass.edu. is potentially confounded both by the overall slower RTs typically exhibited by patients 21 and by the inherent necessity of requiring a behavioral response to each trial of interest. Consequently, even RT data collected under automatic conditions may partially reflect decision-making processes in addition to automatic spreading activation at the neural level.
ERPs are scalp-recorded fluctuations in voltage that are an online measure of brain activity and that can be passively recorded in the absence of behavioral responses. The N400 component, a negative-going waveform peaking approximately 400 milliseconds after target onset, reflects the difficulty of semantically integrating a word into its preceding context. 22 Words preceded by semantically unrelated words elicit a larger, more negative N400 than words preceded by semantically related words, 23, 24 a modulation known as the N400 effect. 25 We have recently demonstrated a significant N400 effect to indirectly primed (relative to unrelated) targets under automatic conditions. This effect was smaller than that evoked to directly primed (relative to unrelated) targets under these conditions, suggesting that the N400 is sensitive to automatic spreading activation. 7 There have been 2 ERP studies of automatic semantic processing in schizophrenia. In a lexical decision task with a 350-millisecond SOA, Condray et al 26 found an abnormally reduced semantic priming N400 effect to directly related (relative to unrelated) targets in schizophrenia patients but the relationship between thought disorder and N400 modulation was not reported. Mathalon et al 27 used a picture-word-matching task with a SOA of 325 milliseconds to demonstrate that when target words were preceded by pictures representing the same word, no differences in N400 amplitude were found between schizophrenia patients and healthy controls. When target words were preceded by moderately related pictures belonging to the same superordinate categories, schizophrenia patients exhibited smaller N400 amplitudes than healthy controls, although positive thought disorder failed to predict N400 amplitude. The smaller N400 amplitudes to these moderately related targets provides intriguing evidence for hyperactivity of the semantic network in schizophrenia. However, because there were no completely unrelated picture-word pairs, the degree of semantic priming per se (the N400 effect to related relative to unrelated targets) was not assessed.
Thus, to date, the finding of increased automatic semantic priming in schizophrenia has not been replicated at the neural level. One reason for this may be that ERP studies in schizophrenia have only examined automatic priming using directly related word pairs. Because directly associated words are presumably automatically activated by both patients and controls, indirect semantic priming may be a more sensitive measure of any heightened activation (or reduced inhibition) in the semantic memory network. 3 In addition, both the ERP studies reviewed above 26, 27 required participants to make a decision on each trial and thus may be somewhat confounded by the same decision-making processes as RT studies.
The present study utilized ERPs to index automatic spreading activation in schizophrenia patients and healthy controls. Both directly and indirectly related word pairs were examined using a short SOA. Additionally, because the results from both the behavioral and ERP literature have been mixed, possibly, in part, because of strategic confounds, we used an implicit semantic categorization task that required no behavioral response on trials of interest. 28 If positive thought disorder is indeed associated with a faster and further spread of activation, this would predict both increased direct and indirect neurophysiological priming-an increased N400 effect to both directly and indirectly related (each relative to unrelated) targets-in TD patients relative to non-TD patients or healthy controls.
Methods

Participants
Eighteen outpatients meeting Diagnostic and Statistical manual of Mental Disorders, Fourth Edition, Text Revision, criteria for schizophrenia were recruited from the Lindemann Mental Health Center, Boston, MA, and 18 demographically matched healthy volunteers, screened to exclude histories of psychiatric disorders 29 and any current medication affecting the central nervous system, were recruited by advertisement. All participants were right-handed 30, 31 native English speakers and had normal/corrected-to-normal vision, no history of traumatic head injury, and no substance abuse within the past 6 months or any history of substance dependence. Written informed consent was obtained from all participants according to Massachusetts General Hospital and Tufts Human Subjects Research Committees guidelines. All but one unmedicated patient were receiving stable doses of antipsychotic medication; no patients were taking anticholinergic medication. Patients' symptomatology was rated using the Scales for the Assessment of Negative Symptoms (SANS) 32 and the Positive and Negative Syndrome Scale (PANSS). 33 Thought disorder was assessed in depth using the Scale for the Assessment of Thought Language and Communication (TLC); TLC ratings were performed by the first author on the basis of a clinical interview on the day of ERP testing. 34, 35 A language disorganization or positive thought disorder score was calculated by summing the following TLC items: circumstantiality, tangentiality, loss of goal, derailment, illogicality, and incoherence. 36, 37 A median split on this score was used to subdivide patients into positively TD and non-TD groups. The 3 resulting groups were well matched on demographic characteristics such as gender and race distribution, education, parental socio economic
status, 38 and premorbid IQ 39 (all Ps > .27, see table 2), except that the TD patients were older than either the non-TD patients [t 15 = 3.555, P < .01] or the healthy controls [t 24 = 2.254, P < .05]. The TD and non-TD groups were matched on clinical characteristics including medication dosage, overall psychopathology, hallucinations, delusions, and negative symptoms (all Ps > .13), except that the mean length of illness was greater in the TD than the non-TD group [t 14 = 2.505, P < .05]. In all analyses, we covaried for both years of illness and age whenever significant effects emerged between groups.
Design and Stimulus Materials
The development of the stimuli is described in detail by Kreher et al. 7 Word pairs were designed such that, across all participants, exactly the same target was seen in each of the 3 relatedness conditions but that no individual saw the same prime or target more than once (avoiding repetition priming effects). Two hundred one triplets were developed in which target words (eg, stripes) were paired with directly related primes (eg, tiger), indirectly related primes (eg, lion), or unrelated primes (eg, truck, see table 1). Targets were counterbalanced across 3 lists in a Latin square design (67 pairs per condition). Each participant saw only one list.
ERP Procedure
Participants performed an implicit semantic categorization task 28 in which they monitored all words (primes and targets) for occasional exemplars of probe (food) words that were introduced as filler items and pressed a button when probes were detected. No response was required to other (nonfood) words. This task ensured that participants attempted to process all words at a deep semantic level. There were no food words in the prime-target pairs of interest.
Each trial began with a central fixation point (500 milliseconds), followed by a 500-millisecond blank screen. Prime and target words were then each presented for 250 milliseconds (inter-stimulus intervals [ISI] 100 milliseconds). Following a 900-millisecond ISI (to avoid component overlap), a second word pair trial appeared. In between every 2 trials, the 900-millisecond ISI was followed by a cue indicating that participants could blink and rest their eyes that remained on the screen for 3000 milliseconds. Participants were given 18 practice trials prior to the experiment.
Electrophysiological Recording
Twenty-nine active tin electrodes were held in place on the scalp by an elastic cap (Electro-Cap International, Inc, Eaton, OH), see figure 1 for montage. Electrodes were placed below the left eye and at the outer canthus of the right eye to monitor vertical and horizontal eye movements and also over the left mastoid (reference) and right mastoid (recorded actively to monitor for differential mastoid activity). Electroencphalogram (EEG) electrode impedances were maintained below 5 kX.
The EEG signal was amplified by an Isolated Bioelectric Amplifier System Model HandW-32/BA (SA Instrumentation Co, San Diego, CA) with a bandpass of 0.01-40 Hz and was continuously sampled at 200 Hz by an analogue-to-digital converter. The stimuli and participants' behavioral responses were simultaneously monitored by a digitizing computer.
ERP Data Analysis
Averaged ERPs, time locked to target words, were formed off line from trials free of ocular and muscular artifacts and were quantified by calculating the mean amplitude (relative to a 100-millisecond prestimulus baseline) and peak latency values in time windows of interest. All sites were included in a systematic, comprehensive columnar ''pattern of analyses'' applied in prior studies in healthy individuals 7 and in patients with schizophrenia. 37 This approach yielded statistical information about differences in the distribution of effects along the anterior-posterior (AP) axis of the scalp and across the 2 hemispheres at columns covering the whole scalp (see figure 1) . The frequency and word length of the targets across the 3 conditions are identical because the exactly same words were counterbalanced, across participants, across the 3 conditions. There were also no significant differences in the frequency 43 of prime words across the 3 conditions (direct vs unrelated t 200 = .745, P > .1; indirect vs unrelated t 200 = À.826, P > .1; direct vs indirect t 200 = 1.845, P > .05).
At each column, a series of planned mixed model repeated measures analyses of variance (ANOVAs) were performed. We were interested, a priori, in examining differences between groups in direct N400 priming effects (directly related vs unrelated targets) and indirect N400 priming effects (indirectly related vs unrelated targets). Thus, our initial ANOVAs contained 3 levels of the between-subjects factor group (control, TD, or non-TD) and 2 levels of the within-subjects factor relatedness (either directly related vs unrelated or indirectly related vs unrelated). Any difference in direct or indirect N400 priming between groups would therefore be manifest by group by relatedness interactions. Significant interactions between group and relatedness were then followed up by conducting 2 3 2 ANOVAs, in order to examine differences between 2 groups (control vs TD, TD vs non-TD, and control vs non-TD) in N400 priming effects. Any group by relatedness interactions in these 2 3 2 ANOVAs were then followed up in 2 ways: first by conducting within-group ANOVAs to determine whether N400 effects were significant within each group separately and second by conducting between-group ANOVAs to determine whether the amplitudes of the N400 to each type of target was significantly different between groups.
In all these ANOVAs, in addition to relatedness, within-subject factors included AP distribution (number of levels depending on the number of electrode sites in each column, figure 1 ) and, at the 3 lateral electrode columns, hemisphere (2 levels: left, right). We used the Geisser-Greenhouse correction to protect against type 1 error resulting from violations of sphericity 40 and a significance level of alpha = .05 because, in all cases, we were testing a priori hypotheses.
To obtain a fine-grained analysis of the time course of the N400 effect, we subdivided the N400 time window into two 100-millisecond time windows: 300-400 millisecond (capturing the upslope and onset of the effect) and 400-500 millisecond (capturing the downslope and offset of the effect) and conducted statistical analyses within each of these early and late subcomponents. (In order to ensure that we were capturing the true onset and offset of the N400, we performed an additional individualistic analysis: each individual's N400 peak was located, and then mean amplitudes were measured 100 millisecond before and after their peak. Thus, our early and late N400 effects did not reflect a single time window but each individual's true upslope and downslope of the N400 component. The results obtained through these analyses were identical to those reported here, indicating that we did capture the onset and offset of the N400 effect for our participants in the 2 selected time windows.) There were no main effects of group except at the medial column for both early and late direct and indirect N400 priming effects (all Fs > 3.4, all Ps < .05) due to larger absolute N400 amplitudes in TD patients. Below, we focus on main effects and interactions involving relatedness that were of most theoretical interest. Any interactions between relatedness, hemisphere, and/or AP distribution not noted below or in table 3 were nonsignificant (all Ps > .07).
Results
Although both patients and controls correctly identified food words more than 90% of the time, patients were significantly less accurate than controls [t 34 = 3.409, P < .01]. However, there was no significant difference in accuracy between TD and non-TD groups [t 15 = 1.131, P = .3]. One patient with a 40% error rate was excluded from all ERP analyses. Thirteen percent of experimental trials were rejected for artifact. These did not differ significantly between conditions or between the 3 groups (all Ps > .4).
Early ERP Components
There were no significant main effects of relatedness (all Fs < 1) or group by relatedness interactions (all Fs < 3, all Ps > .07) on the amplitude of ERPs during the first 200 millisecond.
N400 Peak Latency
ANOVAs examining N400 peak latency, measured between 300-500 millisecond across the 3 relatedness conditions, failed to reveal main effects of relatedness or group by relatedness interactions (all Fs < 2.3, all Ps > .08). There was a main effect of group only at the midline column [F 2,32 = 3.399, P < .05) that arose because TD patients had slightly later (on average 30 millisecond) N400 peak latencies than the non-TD patients (all Fs > 4.8, all Ps < .05); there were no differences in N400 peak latency between TD patients and healthy controls (all Fs < 1).
N400 Amplitude
Direct N400 Priming Effect.
300-400
Milliseconds. Comparisons between directly related and unrelated targets revealed a significant early N400 effect across all participants (figure 2A), particularly over the right hemisphere, as evidenced by significant relatedness by hemisphere interactions at all columns (medial: F 1,32 = 7.033, P < .05; lateral: F 1,32 = 5.022, P < .05; peripheral: F 1,32 = 5.313, P < .05). No interactions involving group and relatedness were observed (table 3Ai), indicating that the degree of direct semantic priming did not differ across the 3 groups. 400-500 Milliseconds. A significant semantic priming late N400 effect to directly related (relative to unrelated) targets was again observed across all participants (figure 2A), reflected by main effects of relatedness at all columns (table 3Aii) . There were no interactions involving group and relatedness (table 3Aii), again indicating that the degree of direct priming was similar across groups.
Indirect N400 Priming Effect. 300-400 Milliseconds. In comparing indirectly related with unrelated target words, group by relatedness interactions reached or approached significance at all columns (table 3Bi). Planned 2 3 2 follow-ups revealed significantly greater early N400 effects to indirectly related (relative to unrelated) in the TD than the non-TD patients (figure 2B) as indicated by highly significant group by relatedness interactions at all columns (table 3Bi). The TD patients also appeared to show greater indirect N400 priming effects in this time window than the healthy controls (figure 2B) as reflected by trends toward group by relatedness interactions (table 3Bi) and toward group by relatedness by hemisphere interactions at the medial (F 1,24 = 3.333, P = .08) and lateral (F 1,24 = 4.057, P = .06) columns. Indirect N400 priming effects did not, however, differ between non-TD patients and healthy controls (no group by relatedness interactions: all Fs < 1.5, all Ps > .23).
To follow up the group by relatedness interactions in the 2 3 2 ANOVAs, both within-group and betweengroup ANOVAs were carried out. Within-group ANOVAs examined N400 priming effects to indirectly related (relative to unrelated) targets within each of the 3 groups separately. Significant early N400 priming effects to indirectly related (relative to unrelated) targets were observed in the TD patients (midline: F 1,7 = 5.807, P < .05; medial: F 1,7 = 4.533, P = .07; lateral: F 1,7 = 5.557, P = .05; peripheral: F 1,7 = 11.035, P < .05). In the non-TD patients, there was a slight reversed early N400 priming effect to indirectly related (relative to unrelated) targets that reached significance only at the peripheral column (F 1,8 = 6.824, P < .05); in the non-TD patients, indirectly related targets elicited more negative N400 amplitudes than unrelated targets at some electrode sites. Finally, no significant early N400 priming effects to indirectly related (relative to unrelated) targets were seen in the healthy controls (all Fs < 1). Between-group ANOVAs examined absolute N400 amplitudes elicited by target words in each relatedness condition separately. There were no differences in the amplitude of the N400 to the indirectly related targets between any of the 3 groups (all Fs < 2.5, all Ps > .1). The unrelated targets evoked Note:Dashes in empty cells indicate that no follow-ups were conducted because of the absence of higher order effects. ANOVA, analysis of variance. ;P < .10, *P < .05, **P < .01. a There was also a 4-way interaction between group, relatedness, anterior-posterior (AP) distribution, and hemisphere, F 6,96 = 2.77, P < .05. This arose due to the tendency for TD patients to show increased indirect N400 priming, particularly at right hemisphere and posterior sites compared with healthy controls (group by relatedness by hemisphere interaction, F 1,24 = 4.06, P = .055) and non-TD patients (group by relatedness by AP distribution by hemisphere, F 3,45 = 4.74, P < .05; group by relatedness by hemisphere, F 1,15 = 4.11, P = .06). b There was also a trend toward a 4-way interaction between group, relatedness, AP distribution, and hemisphere, F 6,96 = 2.354, P = .06. Follow-up simple effects ANOVAs comparing the TD and non-TD patients at this electrode column demonstrated a significant group by relatedness by AP distribution by hemisphere interaction (F 3,45 = 3.31, P = .05) and a trend toward a group by relatedness interaction (F 1,15 = 3.57, P = .08); these interactions arose because TD patients showed increased indirect N400 priming, particularly at right hemisphere and more anterior sites (F4: t 15 = 2.22, P < .05; FC6: t 15 = 2.50, P < .05; all other Ps > .1). No interactions involving group and relatedness were observed in comparing TD patients and healthy controls or non-TD patients and healthy controls (all Fs < 1.7, all Ps > .2).
a more negative absolute N400 amplitudes in TD patients relative to healthy controls (midline: F 1,24 = 6.186, P < .05; medial: F 1,24 = 8.269, P < .01; lateral: F 1,24 = 5.778, P < .05; peripheral: F 1,24 = 3.494, P = .07). However, no differences in the amplitude of the N400 to the unrelated targets were found between TD and non-TD patients (all Fs < 3.18, all Ps > .1) or between controls and non-TD patients (all Fs < 2.33, all Ps > .14). 400-500 Milliseconds. A late N400 effect to indirectly related (relative to unrelated) targets was present across all participants (figure 2B), indicated by main effect of relatedness that reached or approached significance at all columns (table 3Bii) . There were no group by relatedness interactions (table 3Bii) .
Potential Confounds and Effects of Clinical Variables
ANOVAs were repeated after covarying for factors that differed significantly between groups to determine whether they confounded findings. (To determine whether any of the factors found to differ significantly between groups [age, length of illness, and accuracy] exerted differential effects on N400 effects between groups, we tested for interactions between these variables and group. These variables were cross multiplied with our group variable and the cross product terms were entered into analyses of covariance (ANCOVAs); in each model, the main effects of group and either age, length of illness, or accuracy were retained. These interaction terms were neither significant in any ANCOVA [all Fs < 1.7, all Ps > .21] nor did these factors interact significantly with priming effects [all Fs < 2.3, all Ps > .14 ]. We therefore removed these interaction terms from our ANCOVA analyses.) First, after covarying for age, at lateral and peripheral columns, particularly over the right hemisphere, TD patients still showed a larger early N400 effect to indirectly related (relative to unrelated) targets than non-TD patients; they also showed a significantly larger early N400 effect to indirectly related (relative to unrelated) targets than healthy controls (group by relatedness by hemisphere interactions, Fs > 4.8, Ps < .05). Second, after covarying for length of illness, the early N400 effect to indirectly related (relative to unrelated) targets remained larger in the TD than the non-TD patients (Fs > 4.8, Ps < .05 at all columns). Finally, because the TD patients performed slightly less accurately than controls on probe trials, we repeated analyses covarying for behavioral performance. In these models, TD patients showed significantly larger early N400 effects to indirectly related (relative to unrelated) targets than controls, particularly over the right hemisphere (group by relatedness by hemisphere interactions at lateral and peripheral columns, Fs > 4.5, Ps < .05).
The specificity of these findings to positive thought disorder was further examined through analyses covarying for negative symptoms (SANS) and overall psychopathology excluding thought disorder (total PANSS excluding conceptual disorganization score). Differences in early indirect N400 priming between the TD and non-TD patients remained significant (Fs > 6.0, Ps < .05 at all columns).
Finally, we carried out Spearman rank correlations within the patient group to explore relationships between direct and indirect N400 priming effects in both time windows (calculated by subtracting mean amplitudes of primed from unprimed target words at the CP2 electrode site, where N400 effects were maximal in all groups) and various clinical measures. In the early N400 time window, language disorganization on the TLC correlated with the magnitude of both the direct priming effect, ie, the difference in the N400 amplitude between directly related and unrelated targets (Spearman r = À.52, P < .05), and the indirect priming effect, ie, the difference in the N400 amplitude between indirectly related and unrelated targets (Spearman r = À.55, P < .05) ( figure 3A and B) . In the later N400 time window, there was a trend toward a correlation between language disorganization and the direct priming effect (Spearman r = À.44, P = .07) but not the indirect priming effect (P > .1). These effects were specific: there were no significant correlations between direct or indirect N400 priming effects in the early or late time window and negative symptoms, hallucinations, delusions, and overall psychopathology excluding conceptual disorganization, chlorpromazine equivalents, or length of illness (all Ps > .09).
Discussion
Under automatic experimental conditions, and using an implicit task that had the advantage of requiring no behavioral response on trials of interest, TD patients, unlike healthy controls, exhibited significant and fairly widespread indirect neural priming 300-400 milliseconds after target word onset, while non-TD patients exhibited reversed indirect neural priming at some electrode sites. Moreover, within the patient group, severity of thought disorder predicted the degree of both direct and indirect neural priming between 300 and 400 milliseconds after target onset. These relationships were highly specific.
Effects remained significant even after covarying for other psychopathological variables, and, within the patient group, no other clinical symptom predicted either early or late N400 priming effects to directly related or indirectly related (each relative to unrelated) targets. Although TD patients were older and therefore had longer durations of illness than the non-TD patients, these factors are unlikely to have accounted for these findings because the differences in indirect priming between groups remained significant when covarying for years of illness and age. Moreover, in healthy individuals, the N400 effect decreases with age, 41 and, in schizophrenia patients, behavioral semantic priming effects decrease with length of illness. 42 The increased N400 priming effect to indirectly related (relative to unrelated) targets in TD patients is broadly consistent with previous behavioral findings under automatic experimental conditions. 3, 13 However, our results extend these findings in 2 important ways. First, they are the first demonstration of increased indirect priming at the neural level in specific association with positive thought disorder. Neither of the 2 previous ERP studies examining automatic semantic priming in schizophrenia 26, 27 specifically examined neurophysiological activity to indirectly related word pairs, and neither demonstrated a specific association between neural priming and positive thought disorder. Second, the excellent temporal resolution of ERPs provided novel information about the time course of semantic priming in schizophrenia. Although the crucial variable allowing us to detect the effects of an automatic spread of activation from prime to target was our short SOA, by subdividing the N400 into early and late subcomponents, we gained additional insights into how the speed of this spread of activity impacted the processing of the target. Group differences across these 2 time windows were unlikely to reflect an artifact of capturing different stages of processing in different individuals because when we adopted an individualistic analysis, locating each individual's N400 peak and measuring the true onset and offset of each individual's N400, our results were unchanged.
By 300-400 milliseconds after target word presentation, indirect neural priming was observed only in the TD patient group. We interpret this as suggesting a further spread of activation within a shorter period of time in schizophrenic thought disorder: more remote associates to prime words were activated relatively more rapidly in TD patients. (TD patients exhibited significantly more negative N400 amplitudes to unrelated targets than healthy controls. This may have reflected an increased rigidity of semantic boundaries within this patient group. Such a general increase in rigidity of semantic boundaries in TD patients, however, is unlikely to account for the entire pattern of findings. First, it would predict a more robust N400 effect to directly related [relative to unrelated] targets than to indirectly related [relative to unrelated] targets. The opposite pattern was, in fact, observed. Second, the amplitude of the N400 to unrelated targets in the TD patients was the same as in the non-TD patients, suggesting that any such increased difficulty in integrating unrelated targets was not specific to TD schizophrenia patients. It is, nonetheless, possible that the increased indirect priming effect in the TD patients [relative to the healthy controls] partially resulted from difficulty in integrating unrelated targets in these patients.)
Although there was no significant difference in direct N400 priming between the TD and non-TD groups as a whole, the correlation between severity of thought disorder and direct N400 priming reached significance in the early N400 time window and approached significance within the late N400 time window. These findings suggest that, in the most severely TD patients, activation spread more rapidly even to directly related targets.
By 400-500 milliseconds after target presentation, N400 priming effects to directly related and indirectly related (relative to unrelated) targets were not significantly different at most electrode sites between the 3 groups.
Taken together, these findings are consistent with inappropriate activity within the semantic networks of TD schizophrenia patients: TD patients, relative to non-TD patients and healthy controls, exhibited an increased neural spread of activation such that activation spread further (to more remote associates) within a shorter period of time. By the later N400 time window, healthy controls appeared to have ''caught up'' with TD patients' more accelerated spread of activation.
It is important to note that our patients were outpatients with chronic schizophrenia. Although there were no significant correlations between antipsychotic medication and N400 measures in the present study, it will be important to replicate these findings with first-episode and medication-naive patients.
In sum, we have shown increased early indirect semantic priming at a neural level in patients with positive thought disorder, relative to both non-TD patients and healthy controls. These findings bolster the theory that clinical language disturbances in schizophrenia are a consequence of semantic memory dysfunction 3, 20 and provide a potential neural correlate of the ''loose associations'' long considered central to the disorder of schizophrenia.
